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6, Orifice Flow

6.1 General Formulas. The general formulas for flow through ori-
fices are:

vy =/2gh (5.6-1)

Q = Ca‘/2gh (5.6-2)

= discharge in cfs.

theoretical mean velocity through the
orifice in fps.

cross-sectional area of orifice in ft.2

head on center of orifice in ft.

acceleration of gravity in ft./sec.2

coefficient of discharge.
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Theoretical velocities for heads up to 500 £t. are given in King's Hand-
book, tables 21, 22, and 23, pp. 63, 64, and 65; and the theoretical
heads corresponding to velocities up to 50 fps are given in tables 2k
and 25, pp. 66 to 68.

6.2 Discharge Under Low Heads. When the head on a vertical orifice
is small in comparison with the height of the orifice, the discharge will
not be accurately expressed by formula (5.6-2). However, the differences
between discharges for a given orifice under low heads determined by
formula (5.6-2) and those determined by a formula derived for low head
conditions are usually found to be less than 5 percent. Formula (5.6-2)
is, therefore, sufficlently accurate for practical determinations.

6.3 Velocity of Approach. A formula for orifice discharge, which
ineludes a correction for velocity of apnroach, is: (See King's Handbook,

p. 48.)
= ca /2gh ( @C” & 2) (5.6-3)

Notation is the same as given above for formulas (5.6-1) and (5.6-2) with
the addition of:

(Greek alpha) a kinetic energy correction factor.
area of flow in the channel of approach.

o

o
A

The correction for velocity of approach 1s made by including the term in
paerentheses. In most cases & 1is accepted as 1. Inspection of the term
in parentheses makes it apparent that the velocity of approach correction
is practically unity for values of a/A in the range that will apply to
most field structures.

6.4 Submerged Discharge. The discharge of submerged orifices is
computed by formula (5.6-2). The head, h, is taken as the difference be-
tween water surface elevations immediately above and below the orifice.
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6.5 Coefficients of Discharge. The wide range in types of orifices
and gates makes it impractical to include tables of coefficients covering
an adequate range of conditions. King's Handbook, tables 26 to 36 inclu-
sive, give coefficients for a number of orifices. Manufacturers' publica-
tions are normally the best source of reliable coefficients for various
types of gates and other appurtenances involving orifice flow.

6.6 Path of Jet. The path of the centerline of a jet for the gen-
eral conditions shown in fig. 5.6-1 may be determined by:

gx=
2v<2> cos® ’B

y=xtanf + (5.6-4)

x and y = coordinates of any point on the centerline of
the path of the jet.

B (Greek Beta) angle between the centerline of the pipe
and the horizontal.

v

4

Il

velocity of flow at the outlet of the pipe in fps.
acceleration of gravity.

o

When the pipe is horizontal, £ =0° tanf = 0, and coszﬂ = 1, so that
formula (5.6-4) reduces to:

y= B o (5.6-5)
2v3
vy ¥

x <=2 (5.6-6)

Formulas (5.6-5) end (5.6-6) define the theoretical path of the centerline
of a jet in a vertical plane when the initial veloeity is horizontal.

#
=

V, sin B m & of yet \\\
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7. Welr Flow

7.1 General Formulas. The general formula for the free discharge
of a rectangular weir not affected by velocity of approach is:

Q = CLE®/2 (5.7-1)

discharge in cfs.

length of weir in £t.
the head in ft.
coefficient of discharge.

onon

Qo

Field structures in soil conservation work will only rarely use other
than rectangular weirs. When discharge formulas for other types of
weirs are required, refer to King's Handbook or to other sources.

7.2 Contractions. 1In the majority of our field structures, crest
and end contractions will be either fully or partially suppressed. In
the case of drop spillways, formula (5.7-1) without modification for
contraction effect has proven reliable. Discharge determinations for
other types of weirs should recognize contraction effect in accordance
with conditions.

T.3 Velocity of Approach. When velocity of approach is considered,
the discharge formula for rectangular weirs is:

Va2 3/2
Q=CL|E+ 3 (5.7-2)
Notation is the same as for formula (5.7-1) with the addition of:

velocity of approach in fps.
acceleration of gravity.

v
g

a

The correct v, to use in formula (5.7-2) is the mean velocity in the
approach channel at a distance of about 3H upstream from the welr. The
total head for computing weir discharge when H and v, are known may be
taken from drawing ES-U43.

7.4 Coefficients of Discharge. It is impractical to include a
complete table of discharge coefficients for a wide range of weir types.
Since the main weir type used in s0il conservation work is the drop
spillway, coefficients of discharge for these structures are given in the
drop spilliway section. King's Handbook gives coefficients for most other
types of weirs.

7.5 Submerged Flow. When the;yater surface elevation Just down-
stream from a weir is higher than the crest elevation, it is described
as submerged. It is not feasible to include here selected formulas from
the considerable number that have been developed for submerged discharge.
The following general results have been shown by investigations of sub-
merged weirs. Let H represent the upstream head on a weir, and h, the
downstream head.
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The discharges of sharp-crested weirs are subject to greater reduc-
tions at lower degrees of submergence than is the case with other types.
When the ratio h/H reaches 0.3 to 0.k, the discharge may be reduced by
5 to 10 percent; and for h/H ratios of 0.6 to 0.7, reductioms of 20 to
40 percent may be expected.

Broad-crested and ogee weir discharges do not show appreciable re-
ductions until the ratio h/H reaches 2/3. For higher degrees of submer-
gence the discharge is rapldly reduced; and for h/H values of 0.75 to
0.85, reductions of 10 to 30 percent should be recognized.

More complete information on the operation of drop spillways under
submerged conditions is given in the drop spillway section.
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8. TFlood Routing through Reservoirs

8.1 General. In designing dams it is necessary to determine the
height of dam, the required discharge capacity of the spillway, and the
required discharge capacity of any conduilt through the dem, such as a
drop inlet, so that the complete structure will operate satisfactorily
and safely in passing the design flood hydrograph. The problem is one
of determining how outflow from the reservoir and storage in the reser-
voir vary with time when inflow to the reservoir i1s known. The process
involves solving the continuity equation for unsteady flow:

I=0+38 (5.8-1)

volume of inflow for any time interval.
volume of outflow for any time interval.
change in volume of storage for any time interval.

I
0
3]

Introducing the time factor:
i, + 1 01 + O
S N = e
At ( = ) = At ( 5 ) + AS (5.8-2)

At = any time interval.

1 = inflow rate.
o = outflow rate.
AS = change in volume of storage during At.

1 and 2 = subscripts denoting beginning and ending
respectively of At.

The treatment of reservoir routing in this subsection is based on
the assumption that the water surface in a reservoir 1s level. This as-
sumption means that both the outflow rate and the storage, as used in
equation (5.8-2), depend only on water surface elevation at the dam. In
8 great majority of the reservoirs considered in Service work this assump-
tion is valid. It is not valid in a reservoir where the backwater effect
is such that a significant percentage of the temporary storage occurs as
wedge storage between the sloping backwater surface and a horizontal plane
extending upstream from the water surface elevation at the dam. Under
these conditlons, which are most likely to exist with low dams, storage
is not a single-valued function of water surface elevation at the dam.
When a reliable routing analysis is required for these conditions, stream
routing methods, described in the Hydrology Section, should be used.

The solution of the continuity equation, in the various forms in which
it may be expressed for reservoir routing, involves integration and the
solution may be made by a number of methods. Several of these methods are
graphical. Two of these, which are considered to be well adapted to Ser-
vice work, are described in subsections 8.3 and 8.k.
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8.2 Fundamentals of Graphical Methods of Reservoir Routing. An
understanding of graphical integration and of certain relationships be-
tween hydrographs and mass flow curves will aid in the understanding and
use of graphical routing methods.

The hydrograph is a plotting of discharges as ordinates and time as
abscissas. The area under a hydrograph between any two points in time,
since it is the product of a rate of flow dimension and a time dimension,
is equal to the volume af flow for the time period. The accumulated vol-
ume of flow from zero time to any given time is the area under the hydro-
graph up to the given time.

The mass flow curve 1s a plotting of accumulated volume of flow as
ordinates and time as abscissas. At any point, that is, at any time, the
slope of the mass flow curve, since it is a volume dimension divided by =&
time dimension, is equal to the rate of flow. The mass flow curve is the
integral of the hydrograph since 1ts ordinates measure accumulated volume
at any time,

Graphical Integration of the hydrograph to obtaln the mass flow curve
is illustrated in Part 2 of Method No. 1 below.

8.3 Method No. 1. This method is taken from Vol. XVIII, No. 8,
October 1931, Journal of the Boston Society of Civil Engineers. It is
devised so as to be a direct solution for the storage and outflow curves
for any reservoir in which the water surface is level. The solution re-
quires that the following be given.

1. The hydrograph of inflow to the reservoir. Methods of computing
a hydrograph for a given watershed are discussed in the Hydrology
Section.

2. The elevation-storage curve for the reservoir.

3. The elevation-discharge curve for the spillway and any conduit
through the dam.

The procedures for making the solution are described below as Part T,
construction of the storage-discharge curve; Part 2, comstruction of the
mass inflow curve; Part 3, routing the inflow hydrograph. An example is
given at the end of this subsection.

Part 1:

Construction of the storage-discharge curve for the reservoir. The
storage-discharge curve is a plotting of total discharge versus temporary
storage and is derived from the elevation-discharge and elevation-storage
curves.

Figure 5.8-1 illustrates the construction of the storage-discharge
curve for a reservoir with a drop inlet conduit and an emergency spillway.
The following steps are involved in the comstructionm:

1. Plot the elevation-storage curve for the reservoir.

2. 7Plot the elevation-discharge curves for the spillway and drop
inlet. Draw a horizontal line through C, the elevation of the spillway
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crest, to intersect the elevation-discharge curve for the drop inlet.
At elevations above the spillway crest, graphically add the discharges
of the drop inlet and spillway to obtain the curve designated as
elevation-discharge for the combined spillway and drop inlet.

3. Draw a horizontal line at I, the inlet elevation of the drop
inlet. The poirnt at which this line intersects the elevation-storage
curve for the reservoir is the point of zero temporary storage. The
temporary storage scale is ldentical to the total reservoir storage
scale except that the zero point is shifted to the point of elevation I
on the elevation-storage curve.

4. At several elevations draw horizontal lines to intersect both
the elevation-storage curve and the elevation-discharge curve for the
drop inlet and spillway. From the points where these elevation lines
intersect the elevation-discharge curve, precject vertically upward to
the discharge scale. From the points where these elevation lines inter-
sect the elevation-storage curve, project vertically downward to the
temporary storage scale. The points on the discharge and temporary
storage scales established in this manner and designated as a-a, b-b,
ete., are simultaneous values of storage and discharge. These values
define the storage-discharge curve.

5. Plot the gsimultaneous values of temporary storage and discharge
and draw the storage-discharge curve as shown in the lower part of
Fig. 5.8-1.

As used in Method No. 1 the storage-discharge curve is plotted as
shown on the Routing Work Sheet. The following scale arrangements are
required: (1) The discharge scale is vertical and is the scale for in-
flow and outflow rate; (2) the temporary storage scale is horizontal with
values increasing to the left of the origin. The units and scales of
temporary storage and volume of inflow and ocutflow must be identical.
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Part 2:

Construction of the mass inflow curve. In subsection 8.2 the rela-
tion of the mass flow curve to the hydrograph was described. The mass
inflow curve for a given hydrograph may be (a) constructed directly from
the hydrograph by graphical integration, or (b) computed arithmetically
and plotted on the Routing Work Sheet. In practically all cases the
graphical construction will save time.

(a) The graphical construction of the mass flow curve is shown in
fig. 5.8-2.
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Divide the area under the hydrograph into increments by erecting verticals
at times ti1, to, ts, ete. Project the mid-ordinates of these incremental
areas, which are the mean discharges for the time intervals At;, Ats, and
Ats, leftward to locate points a, b, and ¢ on the vertical axis, Start-
ing at the origin of coordinates, draw successive segments of the mass flow
curve: Through the interval At; draw t,d parallel to Pa; through the in-
terval Ats draw de parallel to Pb; through the interval Ats draw ef paral-
lel to Pe. A complete mass flow curve showing the main construction lines
by which it is developed from the hydrograph is shown on fig. 5.8-3. 1In
this construction the time intervals should be so selected that the hydro-
graph in each interval is approximately a straight line, This procedure
may be used to construct the mass flow curve for any hydrograph between any
selected times t, and t,. The discharge shown by the hydrograph at t, may
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be zero or greater than zero. Jince summation of flow volume is started
at t,, the mass flow curve originates from zero regardless of discharge
at the starting time.
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The procedure described above accomplishes graphically the multipli-
cation of mid-ordinates of the incremental areas by the distance x and
the progressive addition of these products. The products, which are vol-
umes of flow, are expressed by the ordinates tid, ge, and hf, in fig.
5.8-2. The distance x must be such that valid scale relations and con-
sistency of units are established between the selected scales and units
of time, rate of discharge, and volume of flow. The distance x is com-
puted by:

v
¥ in scale-units = > (5.8-3)
t
s s
Vg = number of £t° per scale-unit on the volume scale. Any

unit of volume such as ac-ft, cfs-day, cfs-hr, may be
used to define the volume scale; however, whatever unit
is used must be converted to ft° in the azbove equation.

Qg = number of cfs per scale-unit on the discharge scale.

ty = number of seconds per scale-unit on the time scale.

Scale-unit is the major linear unit of the grid of the cross section
paper on which the graphical construction is done. On most cross section
papers the scale-unit is either 1 inch or 0.5 inch. The requirement here
is that values of Vg, Qg, and tg be expressed Tor the same linear scale-
unit. Then the distance x will be measured in that unit.



(b) Data for plotting the mass flow curve may be computed arithmet-
ically by performing the operations indicated in the table below. The
data for the first three columns are obtained from the hydrograph by
dividing the total time into intervals, in each of which the hydrograph
is approximately a straight line, then recording the discharges for the
times t,, ti, tz, etc. The computations of average discharge rate and
volume of flow per time interval are self-explanatory. Values iIn the
last column are progressive summations of the volumes of flow per time
interval. The mass flow curve is plotted from the first and last columns.

Time Discharge Av. Discharge Volume of flow Accumulated
Time Tnter- rate rate per time per time volume of
val (inflow) interval interval flow
to io ZEero
Atq (io+i1) = 2  Ati(io+ii)s 2 = I3
ta 5 In
Ato (11+410) + 2 Ata(ii+in)+ 2 = 1o
to 12 I, + Io
Atn (in_1+in)+ 2 Atn(in_l+in)+ 2 =1,
tn in 3!
Part 3%:

Routing the inflow hydrograph through the reservoir to determine the
outflow hydrograph is done in a manner similar to that used in constructing
the mass flow curve. The arrangement of the work sheet on which the graph-
ical solution is developed is illustrated by the Routing Work Sheet at the
end of this subsection.

In a routing operation to determine discharge capacity of a spillway
or conduit, it is normally assumed that the reservoir stage is at spillway
erest or conduit inlet elevation at the time inflow begins. This assump=-
tion establishes the conditions that inflow rate = outflow rate = zero, and
temporary storage = zero at t,.

The solution is made in a series of steps, in each of which an outflow
rate is selected and the time at which this selected outflow occurs is de-
termined graphically. Fig. 5.8-4 shows the graphical comstruction for two
successive steps. Detailed operations in the first step are:

(a) Select o) and solve for the time t; at which o; occurs. Draw a
horizontal construction line through o; on the discharge scale to intersect
the temporary storage curve. This intersection establishes the storage S;
when outflow is ©; and also S; — So-
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(b) The average outflow rate during the interval from ty to t; is
(0o + 01) + 2 = gq;. Locate gq; on the discharge scale.

(c) With scale or dividers lay off the distance S; — So above the
mass inflow curve on the ordinate through t,. From this point draw a
line parallel to Pq; to intersect the mass inflow curve. The time t; is
established by this intersection.

(d) The intersection of the construction line through o; and the or-
dinate at t1 is a point on the outflow hydrograph. Draw a line from this
point to the origin of coordinates to define the outflow hydrograph be-
tween to and ;.

(e) Draw the line tok parallel to Pg; to define the mass outflow
curve between tg and t;.
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The operations described above for the {irst step are repeated in
subsequent steps, and the progressive repetition produces the outflow hy-
drograph and the mass outflow curve.

Note that the construction for a step graphically solves the continu-
ity equation (5.8-2) for that step. Examine step 2 on fig. 5.8-hk. TFirst
the value of S — 81 = AS is laid off above the mass inflow curve. Then
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the sloping line parallel to Pgs is drawn to intersect the mass inflow
curve. The volume intercept of this line in the interval Ats is °
Ats(0,402) + 2. The volume intercept of the mass inflow curve in the
interval Ats, is Ats(i+in) + 2; therefore, by graphical construction
volume of inflow for the interval has been placed equal to volume of out-
flow plus change in volume of storage for the Interval. Inspection of
equation (5.8-2) shows that storage decreases, that is AS 1is negative,
when outflow is greater than inflow for a time interval. Therefore, in
the graphical construction the ordinate representing change of storage
for a step is laid off above the mass inflow curve when inflow is greater
than outflow and 1s laid off below the mass inflow curve when inflow is
less than outflow.

A check of the work msy be made at the end of each step. On the
right of fig. 5.8-4 values of total storage, S, total outflow, O, and
total inflow, I, up to time t, are shown by the ordinates of the mass in-
flow and mass outflow curves, with S being represented by the ordinate
between these two curves. On the left, storage 1s alsc shown by the ab-
scissa S for the outflow rate oo. At the end of each step dividers or
scale may be used to compare the abscissa of the temporary storage curve
with the ordinate between the mass inflow and mass outflow curves. If
these two linear distances are not equal, the solution 1s in error.

In each step the outflow rate for which the time of occurrence is to
be determined should be so selected that the increase or decrease in out-
flow during the time interval involved is relatively small. The smaller
the value of (o — 07) for successive intervals, the more accurate the so-
lution. Where both the storage-discharge and mass inflow curves are smooth
and uniform, o, may be selected to allow higher values of (oo — 01); where
either curve changes slope abruptly, cp should be selected so as to hold
the value of (oo — 01) low.

The maximum outflow rate and the instant at which it occurs are de-
termined by trial based on the following facts: At the instant of maxi-
mum outflow, the inflow and outflow hydrographs intersect, that is, inflow
equals outflow and the slopes of the mass inflow and mass cutflow curves
are equal. TFurthermore, maximum temporary storage occurs at the instant
of maximum outflow.

The distance x in this graphical construction has the same function as
described in Part 2 and is computed by equation (5.8-3).

A numerical example of reservolr routing is given on the Routing Work
Sheet, Method No. 1. The following suggestions for setting up the work
sheet may be found useful:

First, select the scales of discharge and time and plot the inflow hy-
drograph. The time and discharge scales should be 80 selected as to give
the desired accuracy in plotting and reading values, and they should be
such that the rising and falling limbs of the hydrograph are not steeply
sloping lines.

Secohd, select the unit of volume to be used and the volume scale and
compute the distance x. Any of the commonly used volume of flow units may
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be selected. The maximum ordinate of the volume scale may be quickly ap-
proximated as follows: (a) divide the inflow hydrograph into Y or 5 equal
time periods such as 0.5 hour, 1 hour, or 5 hour periods; (b) add the dis-
charges at the mid-times of these periods; (c) multiply the sum of these
discharges by the period in hours to obtain total volume in efs-hr. This
approximation is illustrated for the hydrograph of the example: (a) The
hydrograph is divided into five l-hour periods; (b) discharges at 30, 90,
150, 210, and 270 minutes are 300 + 1800 + 1300 + 700 + 200 = 4300;

(c) approximate total volume = 4300 c¢fs x 1 hr = 4300 cfs-hrs. Thus, the
maximum value of volume of flow to be plotted is 4300 to 4500 cfs-hrs and
the volume scale is selected accordingly.

If acre-foot had been selected as the unit of volume, the maximum
value of accumulated flow to be plotted would have been:

£t3-hr 1 ac-ft _ 3600 sec
W00 ee *W3560 s & 1 br

= 355 ac £t (approx.)

Compute x by equation (5.8-3).

Third, plot the storage-discharge curve. Note that the temporary
storage scale must be identical to the vertical scale o mass inflow and
mass outflow.
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5.8-12

8.4 Method No. 2. This method is taken from U. S. Department of
Agriculture, Soil Conservation Service, Washington Mimeograph No. 3823,
"Steps in the Graphic Routing of Floods Through Reservoirs". It is a
trial and error method. The solution requires that the following he
given:

I. The hydrograph of inflow to the reservoir,
II. The elevation-storage curve for the reservoir.

IIT. The elevation-discharge curve for the spillway and any conduit
through the dam.

From these three curves and the storage equation, two additiomal curves
can be derived; they are:

IV. Outflow hydrograph. This curve gives the rate of ocutflow (dis-
charge over the spillway or spillways) as a function of time.

V. Storage. This curve gives the volume of splllway storage exist-
ing in the reservoir as a function of time.

The procedure for derivation of curves IV and V can be outlined as follaws:

A. Compute and plot curves numbered I, II, and III as indicated in
the example on page 5.8-1%, In our work it will be found convenient to
plot curve I with the ordinates measuring rate of flow in cfs and the ab-
scissas measuring time in minutes. Curve II should be plotted with or-
dinates of storage in acre-feet and sbscissas as stage above spillway crest
in feet. Curve ITI must have the same scale or ordinates as curve I, and
the same scale of @bscissas of curves II and III should be chosen so as to
make curves IT and ITI fairly steep; this camnot be accomplished for curve
III when the spillway is of the pressure conduit or orifice type. The
scaeles for these three curves should be so located that the curves do not
overlsap.

B. Compute the conversion-time interval, T. The conversion-time in-
terval is the time required for a flow as measured by one unit (say 1 inch)
of ordinate on the flow scale to accumulate to the same unit (1 inch) of
storage on the storage scale. In computing T, a factor to make the umits
of the equation consistent must be included.

fta
1 inch of ordinste (ac-ft) x 43,560 (a.c-ﬁ:)
T (min) = )
£t gec
1 inch of ordinsate (E-E-) x 60 (_—min

The two ordinate scales and the time scale should be o chosen that T will
plot on the time scale to a length of from 2 to 6 inches.

¢. Construct the derived curves numbered IV and V. This procedure
will be broken up into the followlng steps:
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1. Select a time interval At;; assume an average rate of out-
flow for that time interval and plot it as point a; at the midpoint of the
time interval., The shorter the time interval selected, the more accurate
will be the graphical construction; however, it is not ordinarily neces-
sary to select time intervals of less than sbout 0.025 times the total
runoff period; and in some parts of the analysls these time limits may be
doubled. The shorter time intervals should bhe used where there are sharp
breaks or rapid changes of slope of any of the five curves.

2. From point b3, which is on the curve I directly above a,,
measure the distance T horizontally to the right thereby locating point
c1; polnt b; represents the average rate of inflow into the reservoir
during the time interval At,.

3. The slope of the line &;c; represents the average rate of
change of storage for the time Iinterval At,. In cther words, a flow equal
to (by — &;) measured on the flow scale will in time T accumulate an amount
of spillway storage equal to (by; — a;) measured on the storage scale.

4. Locate point d; with an abscissa of time = O and an ordinate
of storage = 0.

5. From point d; draw a line parallel to line a;c;. Locate
point e; at the midpoint of the time interval on this line.

- 6. Now check the accuracy of the assumption as to the value of
a, as follows: From e; project horizontally to the left to curve II, then
down to curve III, and then horizontally to the right to a vertical ling
through point a;. If this last projection intersects the vertical line
through a; at a;, then the assumption of the value of a; was corriiya If
it does not intersect st point a;, then a new trial value of a; must be
pelected and the process repeated until the graphical construction checks
the trial value of a;.

7. After the location of a; has been checked, locate point fy
(which is the same point as d; for the next time interval) by drawing a
line from d; parallel to line ajc; to an intersection with an ordinate
through the division point between time intervals At; and Ats.

8. Select a new time interval and repeat the steps 1 to 7
ebove, and continue this process until the ocutflow hydrograph has inter-
sected the inflow hydrograph.
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A.1D

HYDRAULICS: NON-UNIFORM FLOW IN A PRISMATIC CHANNEL WITH

POSITIVE BOTTOM SLOPE —— Example 1.

Given:

stationing is in the direction of flow.

100.0; the slope upstream from Sta 33+50, s,,, is 0.0010.
0.00k

}
e |

—— —Q:=1500 cts —

b zi5 feet

TYPICAL SECTION =% °

A concrete trapezcidal channel with the values of z = 1.5, b = 15 ft, n = 0.0l%, Q = 1500 cfs.
A break in grade is located at Sta 33 + 50 and elevation of
The slope downstream from Sta 33+50, Sgp> 18

PROFILE ALONG CENTERLINE

Determine: The water surface profile
Solution: Rewrite Eq. A.8 in the form
g 2
a | L -
o dd 0 2 -
bs/s Sol/z
nind -t
/3 ¢ 1/2
1. Solve whether the break in grade is a control section
a. Solve for d, corresponding to Q = 1500
% = %‘5’0 = 100 cfs/ft; ¢ = %——55- = 0.1
From ES-2k &, = 5.59 ft
TABLE 1
§ (1| 2 (3) (%) (5) (6) (7 (8) (9) (10) (131)
b}
12
g a % 1—3;7%;?—/-2- 9—%'3 Qid Qf,d R Ry + Ro |dp — d3| & — &; | Station
5.59 | 0.373 0.341 100.0| 1.422 | 1.000 0 C0.0177 | -0.05 0.885 33450
R 5.64% | 0.376 0.347 101.7| 1.398 | 0.983 |- 0.0177 |— 6.0591 | 0.08 555 33+49.1
'g 5.70 1 0.380 0.35% 103.81 1.370 [ 0.963 |- 0.0k1k [— 0 | o0 | 2.8 33445.6
‘: 5.80 | 0.387 0.366 107.0| 1.325| 0.935 |- 0.0832 — o | 010 5518 334331
: 2 5.90 | 0.393 0.377 |'110.5] 1.286 | 0.905 |- 0.138 [~ 0.5 o0 | .60 33+411.0
§ 2 6.00 | 0.400 0.390 113.8| 1.244| 0.879 |- 0.208 [— 0.500 T0.10 | 50.60 32+76 .4
g ,Iw 6.10 | 0.k07 0.402 117.1] 1.206 | 0.854 |- 0.298 [— o725 .0 | 72.50 32425.8
g8 6.20 | 0.413 0.415 120.6| 1.169 | 0.829 |- 0.k27 | T.0h5 5.10 [ 10h.50 31+55.3
5 6.30 | 0.420 0.428 12h.17 1.133 | 0.806 |- 0.618 [— 1569 5.10 [156.90 20+48.8
g l 6.40 | 0.k27 0.4h2 127.7/| 1.097 | 0.783 |- 0.951 |— 5T 50 [ZEE 10 28+91.9
‘é 6.50 | 0.433 0.454 131.2¢ 1.068 | 0.762 |- 1.k9 k.33 0.10 |535.00 26+47.8
6.60 [0.4k0 | 0.867 | 134.9] 1.039 | 0.741 |- 2.8% | - 5 o 224+14.8
6.73 | 0.4k9 0.485 140.2| 1.000 § 0.713 [- o
P 5.59 | 0.373 0.341 100.0] 0.711 ] 1.000 0 - 0.051 | -0.09| 1.33 33450
g} 5.50 1 0.367 0.331 97.4| 0.733 | 1.027 |- 0.0591 |— 0.2001 | 0.0 | 5.23 33+51.3
g 5.40 [ 0.360 | 0.320 ok.2] 0.758 | 1.062 |- 0.150 "5 75z | o.10 .55 33+56.6
5 ) 5.30 | 0.353 0.308 91.5| 0.787 | 1.093 |- 0.256 [ 0.660 0.10 | %.50 33466.7
E 8 5.20 | 0.347 0.299 88.5| 0.811]1.130 |- 0.kok [ 1,006 o0 | %5 33483 .2
g C"’ 5.10 | 0.340 0.288 85.3| 0.842 | 1.172 |- 0.6h2 [— 15 .10 | .33 344094
& 8 5.00 | 0.333 0.277 82.4| 0.875 | 1.214 |- 1.011 |— ! 0.0 | &5.78 34+50.7
g @ k.90 | 0.327 0.267 79.8] 0.908 | 1.253 |- 1.62 TE.70 030 [119.75 35+16.5
§ ¢ 4.80 | 0.320 0.257 76.9| 0.94% [ 1.300 |- 3.17 o 20,10 | 367.50 36+36.2
g k.70 {0.313 0.2k7 T4.1] 0.982 | 1.350 [-11.53 T .05 - 40+03.7
a 4.65 | 0.310 0.242 72.7| 1.000 [ 1.376 |-

The value of R versus depth 4 is plotted in Fig. 1.
the length of reach between these depths.

b. Solve for critical slope s, corresponding to @ = 1500 cfs, d. = 5.59 £t

de _ 5.59 _
E-%2 -0

) = 0.341 where % - (0.01%)(1500) _

+8/3 sc1/2 - ve/e 158/

[_m7]2 1 _J0.01533]2 _
o - [ah] oo - (W5 - oo

Hence, Sta 33 + 50 is a control section since

From ES-55

0.01533

Soa<< Sc < Sob
2. Solve for the normal depth of flow in the upstream and downstream reaches.
a. For the upstream reach
ne _ 0.01533
18/3 5031/2 - soal/z -

0.01533
(0.001)/2

= 0.4850

T8

!
From ES-35 ——~ = 0.b49 and dp, = 15 (0.449) = 6.75 £t

b. For the downstream reach

) = 008935 _ _ ¢ qlps
»8/8 E.'Obl/z

(0.00%)3/2

dnbp

From ES-55 —= = 0.31 and &y =15 (0.31) = 4.65 ft

3. Solve for the water-surface profile and tabulate values in Table 1.

a., column 1 lists arbitrarily selected values of depth between d, and dpg Or d; and dyp

b. column 3 is read from ES-55
¢. column 4 is read from ES-2h
4

column 5 is the value of _nQ__
(See step 2 above) b8/ 501/2
column 6 is the value Q/b = 100 divided by coluun 4

e
£. column 7 is read from ES-53 using columns 5 and 6

= 0.4850 or 0.2425 divided by column 3

column 10 is obtained by the relation ¢, — ¢, = si (R; + Ry)(d, — ¢;)-Eq. 4.15
o

The area under the curve between any two depths represents
This plot is useful for ascertaining whether or not the selected

depths in column 1 have been chosen at sufficiently close intervals to justify the use of the relation shown by
Eq. A.15.

The profile can be readily plotted by using columns 1 and 11.

DEPTH OF FLOW, d, IN FEET

L.5 5.0 5.5 6.0 6.5 7.0
0 T 94 A
2 sy ¥ Gaa >
V7 7 g “{{I f{l
1 , = P v
¥ - o 4
v 21 g X A
-2 "8 74 ! X 3 —
4 7 ey g Xz .0
v 7 & & \' x
4 /4 o — X A
4 e o 4
1% @ s Asymptotic to dy, = 6.73 £t v
5 1 &y 14 a
i o \ OOVl
4 ¥ 4 & o ¥ 4
vorod a8 t
Y277 T —=Asymptotic to dy = .65 ft L ke
Voroa . 0| &
YA r ®
= o4 5 o
5 v e 5
-5 A4 ias Gk ¥ &°
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2 77 i@ g
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A.17

HYDRAULICS: NON-UNIFORM FLOW IN A PRISMATIC CHANNEL

WITH A LEVEL BOTTOM — Example 2

EXAMPLE 2

Given: A prismatic trapezoidal earth spillway with 3 to 1 side slopes.
The bottom of the spillway is level and is 200 ft long and 75 ft wide
in the reach between the control section and the reservoir. Manning's
coefficient of roughness n, of the spillway within this reach, is
estimated to be 0.035. The spillway is expected to convey 1500 cfs.

Determine: A. The water-surface profile in the spillway between the
reservoir and the control section.
B. The friction loss through this spillway measured in feet.
C. The elevation of the water surface in the reservoir when
the spillway is discharging 1500 cfs.
Solution: Rewrite Eq. A.1l1 in the form
2

a Lo

ng,
ba/e,sol/z

n Qn,d

ba/asol/z

vwhere Qn g is defined as the normal discharge corresponding to a
depth 4 and chamnel bottom slope of s5 = 1.0. Equation A.11 is to
be used only for channels with horizontal bottoms. The quantity so
by definition i1s unity when working with Eq. A.1l and Manning's
formula even though the actual slope of the channel is zero.

A.1. Solve for the depth of flow at the control section Sta 2+00.
ThHe depth of flow at the control section is critical depth

corresponding to the discharge Q = 1500 cfs.

C.1.

B.1. The specific energy at the control section is
2
Ve
Hec = dc + 'é'é—
ae = do(b + 2dy) = 2.25 [75 + 5(2.25)] = 183.94 rt2
Q 1500
Vo = ac = B5.9F - 8.155 ft/sec

2

Ve _ (8.1%5)2
2g €32

2, The specific energy at Sta 0+00 is

2
Vo

2

do = 3.77 £t (by interpolating between d = 3.7 and d = 3.8 and
observing that the control section is 200 £t downstream
from the reservoir pool.)

a0 = dolb + 2d5) = 3.77 [75 + 3(3.77]] = 325.39 £12

_ 9 _ 1500
Vo = ag = 35535 k.610 ft/sec

Voo (k.610)
2g 6h.3 <
3.77 + 0.330 = 4,100 ft

3. Since the spillway bottom is level, the difference in the specific
energy head at Sta 0+00 and the control section (Hgy — Hee) is
the friction head loss he in this reach.

by = Heg — Hee = 4.100 — 3.284 = 0.816 ft

= 1.034 ft He, = 2.25 + 1.034 = 3,084 £t

ec

Heo = do +

0.330k ft

Heo

The elevation of the vater surface in the reservoir is equal to
the specific energy head at Sta 0+00 plus the elevation of
the bottom of channel at Sta 0+00. Elevation of water sur-
face in the reservoir is

100.0 + Heo = 104.100 ft

Reservoir water surface

|
Control secﬁon—»,

Q1500 cfs
Elev.100 ft

Orig.ground
line

200 feet
PROFILE ALONG CENTER LINE

&h

—t =t
F DIKE —2 i

1
% = % = 20 ofs/ft ; % = —75—5 = 0.0k The trapezoidal shape of this spillway does not exist for the full B
depth of flow in the reach near the entrance of the spillway. By neg- ~i |
From ES-24, d, = 2.25 ft lecting the effect of this condition, as is done in the example, the o
nQ water surface elevation in the reservoir required to produce a given o~ PLAN
2. Solve for the value of b—-—-—8/as 1/2 discharge through the spillway is slightly greater than the elevation a
o required had this effect been evaluated.
S/SDQ / = <0.05?2(153(/)2) = 5.2)-(-80 x 10-4 TABLE 1
1/2 8
b7 8o (15)%>(1) 1] 2 3 i 5 6 7 8 9 10 11 12 13 1k 15
5. Prepare Table 1 2 2 2 Distance from|
() Column 1 lists arbitrarily selected depths greater than a ] n8n,d | Sc,d 9 Q Q |: e ] [Q ] -1 Ro Ryy + Rop Boy * o dp — G| Lt Control
critical depth, beginning with 4, = 2.25 ft. The range b ba/ssol/z b Qn,4 Qc,d Qn:d Qe,d 8c,q 2 Section
of required depths cannot be reagily predetermined.
(b) Column 2 lists the selected depths of column 1 divided 2.2 . 0.00kko | 20. 0.118 1.0000 | 0.01k0 1.00000 0 0 0
by the bottom width of the channel. 5| 0.03000 0.00 > o1 — 5.4k23 - 2.712 -0.05 0.136
(¢) Column 3 is read from ES-55. 2.3 | 0.03067 | 0.00459 | 20.75] 0.1143h | 0.9639 | 0.013074 | 0.92010 | -0.07090 | — 5.423 [~ 21.308 .| = 10.66% 010 1,086 0.13%6
{a) Column 4 is read fromQEs-El*:z— - . 2.4 | 0.03200 | 0.00k92 | 22.10| 0.10667 | 0.9050 | 0.011378 | 0.81903 | —0.18097 | — 15.905 [ W7 | 22058 | 00| 2018 1.202
(e) Column 5 lists be/s“ 7 =15.2480 x 107* (see step 2 2.5 | 0.03333 | 0.00527 | 23.60 | 0.09958 | 0.8475 | 0.0099162 | 0.71826 | —0.2817% | — 28.h12 [ 017 35087 10 3509 3.418
®o ’ - - 8 0.63840 | -0.36160 | — 41.76 6.92
above) divided by column 3. 2.6 | 0.03467 | 0.0056k | 25.03 | 0.09305| 0.7990 | 0.0086583 { 0.638L0 36160 763 55053 o507 50 953 927
(£) Column 6 lists Q/b = 20 divided by column 4. 2.7 | 0.03600 | 0.0060% | 26.55| 0.08689 | 0.7533 | 0.0075499 | 0.56746 | ~0.4325k | — 57.290 130658 %5510 510 Z.5% 11.880
(g) Columns 7 and 8 are the squares of columns 5 and 6. 006k . 0067027 | 0.508 ~0.4916 — 7%.348 18 412
(n) Column 9 lists column 8 minus unity. This is the numer- 2.8 | 0.05735 | 0.006h1 | 28.05 | 0.08187 | 0.7130 | 0.0067027 20037 9165 7.5 —164.848 —~ 82.h2k -0.10 8.okp
ator of the right-hand member of Eq. A.11. 2.9 | 0.03867 | 0.00680 | 29.65] 0.07718 | 0.6745 | 0.0059568 | 0.45495 | ~0.54505 | — 91.500 —5rx=or T "751.585 | —0.10 10.159 26.654
(1) Column 10 lists colwmn 9 divided by column 7. This is Ok . i .07 . .005208% | 0.408%2 | -0.50168 | —~111.671 6.81
equal to the left-hand member of Eq. A.11. 5.0 | 0.04000 | 0.00721 | 31.30 | 0.07279 | 0.6590 | 0.00529 E; 29 il —2L5.h01 —122.701 ~0.10 | 12.270 3 3
(3) Column 11 lists the sum of the values of R, at the end 3.1 | 0.041%3% | 0.00763% | 33.00 | 0.06878 | 0.6061 | 0.0047307 | 0.36736 | —=0.6326k | —133.730 To0.eb | 1k5.e1k | —0.10 | 1E.5aL 49,083
ti f h reach. - - -
(k) Co;el;mligslistzaihe average value of Ry, for each reach or 5.2 | 0.04267 | 0.00805 | 3k.60 | 0.06519 | 0.5780 | 0.0042497 | 0.53408 0.66592 156.698 -338.776 -169.388 -0.10 | 16.939 65.604
column 11 times . 3.3 | 0.04400 | 0.00849 | 36.25| 0.06181 | 0.5517 | 0.0038205 | 0.30437 | -0.69563 | —182.078 595,745 15655k o0 | 5.6 80.54%
(1) Colwfn lBIlistS the difference in selected depth of 3.4 | 0.04533 | 0.00895 | %8.10| 0.0586k | 0.5249 | 0.0034396 | 0.27552 | —0.72448 | —210.665 o555 | 525675 | —o0.10 | 22.568 100.181
column 1. . . : M
(m) Column 1% lists the length of each reach between the se- 3.5 | 0.0L667 | 0.00937 | 39.90 | 0.05601 | 0.5013 | 0.0031371 | 0.25130 | -0.74870 | —238.668 510.25%6 | 255.128 | —0.10 | 25.55 122.649
lected depths listed in column 1 and is column 12 times _ _
CZimem lglj 3.6 | 0.04800 | 0.00986 | 41.65] 0.05323 | 0.4802 | 0.0028334 | 0.23059 0.76941 271.588 578.565 89092 2010 | 28.929 148,162
(n) Column 15 lists the distances from the control section in 3.7 | 0.04933 | 0.010%5 | 43.60 | 0.05071 | 0.4587 | 0.0025720 | 0.21041 | -0.78959 | —306.995 648693 xol 3k Z0.10 | 32.435 177.091
th; upszieam direction and ds the accumulated total of 3.8 | 0.05067 | 0.01080 | 45.50 | 0.04859 | 0.4396 | 0.0023610 | 0.19325 | -0.80675 | —341.698 209.526
coiumn .
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A.18

HYDRAULICS: NON-UNIFORM FLOW IN A PRISMATIC CHANNEL WITH A NEGATIVE BOTTOM SLOPE — EXAMPLE 3

EXAMPLE 3

Given: A prismatic earth spillway with side slopes of 3 to 1. The
spillway has a level bottom upstream from.the control section for a
distance of 90 ft and an adverse slope of 10 to 1 for an upstream
distance of 100 ft. The bottom of the spillway is 75 ft wide. Man~
ning's coefficient of roughness n is estimated as 0.035 feet.

Determine: A. The water-surface profile in the spillway when the dis-
charge, is 1500 cfs.

B. The friction loss from Sta 0+00 to Sta 1+90 and the ele-
vation of the water surface in the reservolr when the spillwey is dis-
charging 1500 <fs.

C. The friction loss through the spillway from Sta 0+00 to
Sta 1+00.

Solution: Rewrite Eg. A.13 in the form

2
)
b
Qe,d

ko]

a¢
ool a1 = u 2
&/e 5o 1/2
nQy g
ba/slsol 1/2

+ 1

Solve for the critical depth of flow corresponding to the dis-
charge of 1500 cfs.

Q _ 1500
NG

b

From ¥S-24, 4, = 2.25 ft.
control section.

= 20 cfs/ft

This is the depth of flow at the

Solve for the depth of flow at the break in grade between the
10 to 1 negative slope and the level reach., This was illus~
trated by Ex. 2 and found to be 3.347 ft.

3. Solve for the value of

B _(0.035)(1%00)  _ 1 g5 4 10®
e [so] 1/2 (75)8/3(0.10)1/2

Solve the water-surface profile upstream from the break in grade
at Sta 1+00 starting with a depth of %.347 £4 and tabulate
values in table 1.

(&) Column 1 lists arbitrarily selected values of depths
between the depth of flow at Ste 1+00 and an approxi-
mated depth at Sta 0+00. The approximated depth at
Sta 0+00 is estimated by assuming the water-surface
elevation at Sta 0+00 to be slightly greater than the

elevation of the energy gradient at Sta 1+00. The
specific energy at Sta 1+00 is
Vlz
He, = & + e
ay = & (0 + 2) = 3.347 [75 + 3(3.347)] = e8k.63 £4?
Q1500 _
Vi g ahes t 5.27 ft/sec
2
Vi (5.21)% "
== = 0.4318 £t
2g [ 0.43
He, = 3.347 + 0.4318 = 3.779 ft
The elevation'of the energy gradient at Sta 1400 is
(100.00 + Hey) = 103.779 ft
The approximated depth of flow at Sta 0+00 is the

difference in the elevation of the energy gradient at
Sta 1400 and bottom of channel at Sta 0+00.

103.779 — 90 = 13.779 ft
Try 14 £t for an upper limit of 4 in column 1.

read from ES-55.

(b) Colum 3 is
read from ES-24.

(e} “Column ¥ is

(&) Column 5 is the value of = 1.6596 x 1072

nQ

YE Iso) 1/2
(see step 3) divided by column 3.

(e} Column 6 is the value of Q/b = 20 divided by column 4.

(f) Columns 7 and 8 are the squares of columns 5 and 6.

Reservoir water surface Control
(g) Column 9 lists the values of Ry as given by Eq. A.13 Vg secnon\,l
or is {2q L—Break in grade |
_ column 8 minus unity = - de
07 column 7 plus unity I 8 ) e ‘?3——:—
(r) Column 10 lists the average value of Ry for each reach. 8 n=0.035 |
(i) Column 11 lists the difference in depth of flow at the + b4 .
end section of each reach. 2 +
(3) Column 12 lists column 11 divided by |so| . - s
(k) Column 13 lists the length of each reachl and is column Elev. « 5—; b=75 feet
10 times column 12. Raw. 100 feet 90 feet
(1) Columm I% lists the distance upstream from the break 90 ft . A ! TYPICAL SECTION
in grade at Sta 1400 and is the accumulated total of Original ground line
column 13.
(m) Column 15 lists the stationing for the selected depths PROFILE ALONG CENTER LINE
of flow used in column 1.
B.1. By Ex. 2, the specific energy at Sta 1+90 is He, = 3.284 rt. &
N
2. The specific energy at Sta 0+00 is \7
Heg = do + Eé— = 13,824 ft \ ‘(4 l
4y = 1%.81 £t by interpolation between d = 13 ft and 4 = 1k £t \ \ -k;’\ T [+ I
= 7 =
3. The friction loss from Sta 0400 to Sta 1490 is the difference in 3 8 < — g
the elevation of the energy gradient at Sta 0+00 to Sta 1+%0. \ 8 ~ T 0’
The elevation of the energy gradient at Sta 0+00 is the ele- © . e A
vation of the bottom of the spillway plus the specific energy \ i AN = /
at Sta 0+00. o o < &
90.00 + Heo = 103.82L £t = — —
v ey
The elevation of the energy gradient at Sta 1+90 is W \\\ “\\ ‘\“ /7r’ ,/’/ /17 /i ”/I/ I/’ ! 'l/ / Il /I
/ !
100.00 + Hee = 105.284 th W s/ /// //,’ [N ’// i}
\ /!
The friction loss is lr |L ‘}\“\ //i;)/ ,/ ,// /,l llll/ Il } /” /I / .
L 1 1 /. il HEA'SY]
103.80k ~ 163.28% = 0.5450 Tt 11 1” |\ /i" 7 Niis 7'/1 l,',' 7 /’ T =
[}l i i
The elevation of the water surface in the reservoir is equal i I: bl g/ ,/ /I/// /, ,’,’ ! '/II [I
to the elevation of the energy gradient at Sta 0+00 or ,l “, ;" : ! h < // ///// // IATER I,Il ,/ hf
8ol . reac /A7 TR i
105 -8Rk £ N = O L
C.1. The friction loss from Sta 0+00 to Sta 1+00 is the difference in 4 t "‘%
the elevation of the energy gradient, By A.4, the elevation ob
of the energy gradient at Sta 1+00 is 103.779 ft. By B.3, the 4 ” =
elevation of the energy gradient is 103.824% ft. The friction SV VIVUANAN N T— -~ i7oP|/ /| 0OF IKE [+ \
loss between Sta 0400 and Sta 1+00 is 3 s
=3 s s !
103.82% — 103.779 = 0.0k5 £t 2, a8 0% —H
The trapezoidal shape of this spillway does not exist for the w” Qo
full depth of flow in the reach near the entrance of the spillway. © N s
By neglecting the effect of this condition, as is done in the example, Q. / T
the water surface elevation in the reservoir required to produce a ";9 1
given discharge through the spillway is slightly greater than the PLAN
elevation required had this effect bezn evalusted.
TABLE 1
1 2 3 3 5 & T 8 9 10 11 12 13 1k 15
L
N Q n Qna Qc,a Q Q Q q 77 R, |Pnr*Boal (6 —di)
b v8/s Jsof /2y P Sn,d Q,d Sn,d Qc,a " 2 = |80 fa = 41 | 5tz = 4,)] Station
3.347 | 0.0k463 | 0.00875 37.10 | 0.1897 [ 0.539L | 0.03599 | 0.2906 | —0.6848 ~0.7085 | —0.153 | - 1.53 1.078 0 1+400.00
3.50 | 6.04667 0.00942 39.80 | 0.1762 | 0.5025 | 0.03105 0.2525 | ~0.7250 To7729 | =0.50 —500 RS 1.078 0+98.92
k.00 |0.053%3 | 0.01186 49.50 1 0.1399 | 0.%0%0 | 0.01957 | 0.1632 | -0.8207 08587 | 50 | = 5.0 T ouk 4,943 0+95.06
k.50 |0.06000 | ©0.01456 59.7510.1140 | 0.3347 | 0.01300 | 0.1120 | —0.8766 Z0.89%0 | =050 1 = 5.00 A 9.187 0+90.81
5.00 |0.06667 0.01752 70.50 | 0.09473 | 0.2837 | 0.008974% | 0.0804%9 | —0.9113 —0.9%12 | —1.00 0.0 $.318 13.66 0+86.3k4
6.00 | 0.08000 | 0.02410 9%.95 | 0.06886 | 0.2106 | 0.00k742 | 0.04k35 | —0.9511 —= 3608 | <00 =0 57508 22.97 0+77.0%
7.00 | 0.09333 0.03175 121.9 | 0.05227 | 0.1641 | 0.0027%2 | 0.0269% | —0.970k o957 | .00 100 5757 32.58 0+67 .42
8.00 | 0.1067 0.0402 152.1 |0.04128 [0.1315 | 0.00170k | 0.01729 | ~0.9810} 5zt i 00 T 1510 9.842 h2.33 0+57.67
9.00 | 0.1200 0.0497h | 185.4 |0.0%3%7 | 0.1079 | 0.00111% | 0.01164 | —0.9873 Z5.9892 | —1.00 | 0.0 .69 52.18 0+47.82
10.0 | 0.1333 0.06025 | 221.4 ]0.02735 | 0.09033 | 0.0007590 | 0.008160| —C.9911 r— 992k | —1.00 | 0.0 X 62.07 0+37.93
11.0 0.1467 0.07210 260.7 10.02302 | 0.07672 | 0.0005299 | 0.005886| ~0.9936 Z0.99%5 | —1.00 o0 9.9h5 71.99 0+28.01
12.0 0.1600 0.08460 %03.2 | 0.01962 | 0.06596 | 0.0003849 | 0.004351| —0.9953 Z5.9955 | —1.00 | —i0.0 3.955 81.9% 0+18.06
13.0 0.1733 0.09799 348.7 | 0.0169% | 0.05736 | 0.0002870 | 0.003290| —0.9964 —0.9969 | —1.00 o0 5.96 91.90 o+ 8.10
4.0 0.1867 0.1142 397.5 | 0.01453 | 0.05031 | 0.0002111 | 0.002531| —0.9973 101.9
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A.19

HYDRAULICS: NON-UNIFORM FLOW IN A NATURAL CHANNEL —Example 4.

TABLE 2 TABLE 3
THIS EXAMPLE ILLUSTRATES A METHOD TO DETERMINE THE 4. solve for approximate depth.of flow at station 0+00. - S 5 " 5 z 7 A
APPROXIMATE DEPTE OF FLOW AT A SECTION (a) Prepare tabular ferm given by Table 4. 1 > 3 ) 5
(i) Column 2 lists the same range of depths as Table 1 at closer o e e . Qn, de L1/ R . remarks
Generally chamnel cross sections for a natural channel are determined by ) intervals_ ) . Teble 2. Ob ard Depth 0 s % q Q g c SC172 c ¢ o
e Surveys at definlte stations. The length of the reach between two con- (11) Preparth*lcggle 5'Ogtl§g-éogc:§:rt‘izniiz iiﬁiie lc;io"mth: chil;mcai Bottom £t st | £t2 | ofs 0+00 | 12.53% 81,000 | 0.08642 | 0.007468 0.00222 | 50 > sg
secutive gections is therefore fixed or given and a depth of flow is to be de- serve & e rig ,8'1:1 s 1 . pre T o ﬁ{ PPTI .
termined. In Example 1 the length was determined between two given (actually« of thg left hand scale in ES-77 and may be used in determining [Elevation 550 [ 11.50" 78,100 | 0.08963 | 0.00803 0.00861 | 5, > sg
selected) depths. The relationship between the depth of flow and any hydraulic 1+ a% values o Figure 5 0+00 8 lzt l%?g 615{2 lg,?%g 7000 | 7.618x10% | 9+10 | 11,1k | 81,500 | 0.08589 | 0.007377 0.00W76 | 5, > 5p
characteristics of a cross section is the same for every cross section in a (}11) Column i is Tead from F;g e 1175. ii.& 120-2 57358 15:100 13+30 | 10.95 | 79,600 | 0.0879% | 0.007733 0.0050k | 5. > 8
prismatic channel. This enables one to choose the length of the reach as the (iv) Column % is read from Figure 3 20 o 2 11275, - . ¢ o
i i (v) Column 5 lists the product of column % and {¢5 — &1 )g where 165 | 126.2 | o 5,540 17+90 | 11.05 | 78,500 ; 0.08917 |0.007951
variable to be determined, and the length of the reach between two given depths " f the a + each from the 17.4 f 132,2 {1110 [18,250
is determined in Example 1. Since length of reach is given in natural channels (22 - 4,) is the léngth o € downstream reac m *hese values were obtained by extrapolation from Figure k.
the depth of flow is the variable to be determined. This complicates tie solu- s?atlc.m undex; cons:.der:at:}on: The station u.nder.consuie?a— [ 12,4 [ 116.5 glgk 8,6;30
tion for water-surface profiles because the depth of flow is implicity ex- tion is section 1 as is n}dxcated by the subseript 4, © 1174.8 1k.b ) 128.5 g 13,; 0
pressed in the differential equation. Qn,q, in this column heading. 16.4 | 1k0.5 {1158 | 18,850
(vi) Column 6 is the product of column 4 and (€, — i,)g where 9+10 10.2 | 118.0 | 465 | 5,200
Any method of water-surface profile determination reguires that at least ((,2 - 1;1) is the length of the upstream reach frOlfl the §ta— 1173.6 12.2 {130.0 | 711 | 9,450
one depth of flow corresponding to the discharge, Q, under consideration be tion under consideration. The station und?r consideration 1164-.2 2,0 | 983 ;-104-,700
given at a station or be determinable. The determination of a depth of flow in is section 2 as is indicated by the subscript 4, of Qn,d2 16.2 | 154.0 1279 ,910
a natural channel at a control section presents a trivial problem, for the in this column heading. 13430 9. | 98.0 | ®01 [ 4,410
depth of flow at the section is known to be the critical depth. Some channels (vii) Column 7 lists column 3 minus column 5 1171.6 11.4 | 110.0 | 599 | 7,925
for which water-surface profiles are to be determined have no control section, (viii) Column 8 lists column 3-plus column 6 ) 13.4 [ 102.0 Bgl 12,310
nor is the depth of flow given for any portion of the channel. This example (b) It may be desirable to prepare Figures 6 and 7, particularly if values 15.1; 1228 .:1LO6$ é?,ggg
is concerned with the determination of a depth of flow at station 0+00 sg of d'have not been selected sufficiently close in column 2. 17.4% | 146, 2 3,
water-surface profile computations can be made upstream from station 0+00. (¢) Prepare Figure 8. 17490 9.6 | 99.8 | 299 | 4,535
(i) Plot U] vs elevation curves 1170.2 11.6 | 111.8 | 611 S,élo
Given: Channel cross sectionstfgrba ;aturi.l cél:nin.el Illave‘be§n deg;x;nmined (1) Plot UZ vs elevation curves gg g;g ﬁgg :15:928
by field surveys at stations indicated by Fig. 1. ationing is in a - K . 3 _ . .
stream direction. The roughness coefficient, n, has been estimated to be 0.035 (iii) C}olum.n 2 of Table 3 glﬁs the slope of stra;‘ghtFJ‘_lnes goz}ne(ciz~ 17.6 | 147.8 1395 |2k,koo R
for in-bank flow and 0.06 for out-bank flow. Dikes having 3 to 1 slope have ing the curve?. T:Jl~and 5. T}.xe slope scale for Figure %s N +\°
been constructed as shown in Fig. 1. These dikes are sufficiently high to con- termined by dividing the ordinate above the referen?e point by 8
tain the flow of 7000 cfs. The depth of flow at station 17+90 has been deter- the distance between the scal? and the referer.xce p?lnt@ In ':" o
mined to be not less than 14 ft nor greater than 18 ft for a discharge of 7000 this example the reference point has been é.ébltrarlly taken at '0'"% +\° “‘
cfs. elevation 1185 and an abscissa of 2.0 x 10 from the slope X ‘7/ “““ >
scale. The value of the slope scale at the l:;.ge having gn K ’: “‘W ““‘:“: oo'
Determine: The approximate depth of flow at station 0+00 when the dis- elevation of 1186 is (1186 — 1185) + 2.0 x 107 = 5 x 10° . ,',,;E’fl‘:‘:.:’ “\“‘“““ %
harge is 7000 cf (iv) Make the graphical sclution for the water—surface profile if B /"191}’006""00 . & “\\\‘““
cheree 1 s i is 14 ft. The beginnin, LV 7 %% %% 2 SRR B
the depth of flow at station 17+90 is 1h ft. The beginning X 7 l}’¢0¢’0'0’ 8 é‘\é““"‘
Solution: Equation A4.18 is used for this solution. point from which a straight_]._lne is drawn hazlng the slope. " $ “‘ 2":‘:’0"’:’; P “:‘Q‘\\‘t“‘:“
given by column 2, Table 3, is at depth of 14 ft or elevath{l X "‘ N"”%& ‘\““““\‘““
E, —E, Q2 1184.2 on U} curve. The elevation of flow at station 12430 is 5‘5%"‘% @ ‘&W"“‘
s 1 So = 2g the intersection of this straight line with the U] curve. The “‘ g‘”W& ~ ‘ﬁ"&“{\“‘}\‘
iz PR (¢ — 81)g |- = - (Lo — ll)g:l elevation of flow is now known at station 13+30 and the eleYa- “ & o“’q,’m& i‘_\o \“%“;“\‘\‘
as Qn,d? _ 1 Qn,dl tion of flow at 9+10 is determined in a similar manner. This & “ S ”‘Q{b&%?’{ 2 ‘\&“’\“s
procedure is continued to station 0+00. The depth obtair}ed at k< "‘sg,’q%@:, N ’ < ‘s
1. Prepare tabular form given by Table 1. 0+00 is the depth of flow if the depth of flow at 17+90 is ‘\\ 'Q»‘iﬁm% *_\6 ‘\& o
(a) Column 1 lists the stations of cross sections and elevation of channel 14 ft. t3 "4‘?5’3"’/:"%"’//” % “;, 2
i 99 ¥
bottom at these stations. ) & a A graphical solution for the water-surface profile if the = 1“ Q, E - é?"é‘"’/j”’/j’”/}?’/z’, o Q"j‘
() Column 2 is an arbitrary selection of flow depths for an estimate depth of flow at station 17490 is 18 ft is obtained in & simi- w % &,} rs) Iy ,,}43,'{»,,//,,,%9//// *\o ‘“
range of depth of flow. A selection of depths should be mac}e at each 1o manner. Observe the depth of flow at station 0+00 is not b §\’\ S /;"ai?f%,///////:";//’/ I { “ 4
major change in cross section shape and not over 3 or 4 ft interval less than 13.61 ft nor greater than 14.22 ft for-it has been - \ = /4“’?5?4};/@ '.,’;/,/& \0,\\ g““
between consecutive depths. jated with th rat given the depth of flow at 17+90 is not less than 14 £t nor = < /@g;‘@%,,/’ AT TR
(¢) Columns.3 and 7 list the ?‘low areas associated wi e appropriate n greater than 18 ft. Thus, the depth of flow at station 0+00 o z ///43{%? & ‘ .,
values as obtained from Fig. 1. . ) . has been closely approximated. If a closer approximation is g A 2 @25% 2 oF . ‘ e 2
(d) Columns 4 and 8 1ist the wetted perimeters associated with the appro- desired it Will be necessary o determine water-surface pro- 9 N N //"%’ 78 P
priate n values as obtained from Flg 1. 5_76 files from a station downstream from station 17+90 w Oo o /égiﬁ ,%9*'\0 ‘ ; z
(e) Colums 5 and 9 1ist the c;oss g;ct;on factor ¥ read from ES-T6. (v) Figure 9 shows water-surface profiles determined for various w °© z ?4”; S -
(£) Columns 6 and 10 are read from ES-77. depthe at station 17490, 5 ol ) s
(g) Column 11 is the sum of columns 6 and 10. . 4;0’0 5 o R
(h) Column 12 is the square of the reciprocal of column 11. This can be E o i .
read from the double scale of ES-T7. TABLE 1 &_J N\ \\\\\\\’ g < 15 S
o b
2 i 5 3 7 8 9 10 11 12 = R . 4
2. Prepare Figures 2 and 3 from Table 1. These values ar«?.plotFe? on log- Staiion 3 1 S i I e e P \\‘g‘ :ﬁ ! 3
log coordinate paper, Figure 2 will be used to determmegcrltlca} slope. oo a al» ¥ 0,4 f:z f;; . __;_/_2 ___,1/_2 - \\\\\\\\\\\\\\\\\\\\\\“ w ; "”' g g
Figure 3 will be used later to determine values of sq + Qp,q for inter- ety £t || £t ft 501/2 so 8o 9n,d \‘1\\\\\\\\\\\\\\\\\“ I % \‘,>+
; & £ flow. ! - S > o
mediate values of depths o o Elevation n = 0.03 n = 0.06 composite n - Q»‘\\\\t\\\\\\\\}i\\\\\?{\\\ti Oo {""% U?!N;
i - <N
3. Solve which sections are control sections for the discharge of 7000 cfs. 17+90 9.6 284 [64.9 | 1867 | 53,300 | 15.5]28.2 12.65 211 53,-211 3.1248328_10 Q§\\\\\\\\\\\\§E§\\ Oo < ,% w
(a) Prepare tabulasr form as given by Table 2. 11.61 508 | 64.9 | 2985 | 85,300 | 103.1 {50.8 | 246.0 | 4,100 8).9},&00 1'5203110'” \\\\\\\\\\\ \\‘\§\\ %5 /,,/,,,/ 80
i Columns 1 and 2 are the same as columns 1 and 2 of Table 1 1170.2 | 13.6 | 632 | 64.9 | k28k | 122,k00 | 214.7 | 63.5 | 720.0 1i,ooo 188, gg 3806:;10'11 \\\ N ,,,,,,, Q}\o @
(ii) Column 3 lists the top width corresponding to the depth in col- 15.2 57355;6 21;g g;gg ;ig,zgg gigg gg.% étgg.g il,ggg éﬁ'%}o 1'555x10'11 ) 9, ¢ / B
17. 0 . y . . . s > . 27 2
ot 7B
N N 5 - v 1o
(1ii) Column 4 lists the total area corresponding to the depth in col 0 Sk 376 6121872 | 55,500 | 15.0 [k0.2| 11.50] 1,920] 53,692 5,1;72;48_10 . \\\\\ 2, % ,,'/"’
umn 2 11k boo [ 61.2 | 2920 | 83,700 || 107.0 [52.8 | 25h.b | L,240f 87,940 |1.2% ﬁO'll \ 5 "6
(iv) Column 5 is read from ES-75 1171.6 | 13.4 [ 608 | 61.2 | k180 | 119,400 | 223.0 | 65.5 | 750.0 | 12,500 | 131,900 5.752x10_11 "'
(b) Prepare Figure & on log-log coordinate paper. Values are obtained 15.4 || 72k | 61.2 | 5585 | 159,600 | 363.0 | 78.2 | 1500.0 ig:‘l?gg ﬁg:ggg i e : ",’ &
from Table 2. 17.4 [ 840 | 61.2 | 7155 | 20k,400 | 527.0 | 90.8 | 2530.0 , s ~]+ 5 2 % :"',/, o
(c) Prepare tebular form as given by Table 3. %+10 10.24 k39 [ 69.9 | 2221 | 63,500 | 23.6 [52.2| 20.6 343 63,%5 2'223);110‘11 ° 4 ,//
(i) Column 2 will be considered later 12,21 571 | 69.9 | 3439 | 98,300 | 139.6 | 64.8 | 346.0 5,767 || 104,067 E‘lhono'” % 1 ,,,
(ii) Column 4 is read from Figure 4 on line @ = 7000 cfs and are 1173.6 | 1h.21{ 703 | 69.9 | 4865 | 139,000 [ 279.6 | 77.4 | 978.7 | 16,310 155,210 RN ey 0‘,’[,,/,,
critical depths dp for @ = 7000 cfs 16.2 1| 835 | 69.9 | 6495 | 185,600 | 443.6 | 90.1 | 1908.0 | 31,800 |} 217,500 | 2. — % o 3% o,\o
(1i1) Column 5 is read from Figure 2 for critical depths, d, in 1450 12.4 1623 | 89.3 | 3380 | 96,600 | 21.4[30.6] 25,05 18| 97,018 | 1.062x1071° 2, X :‘W &
column b b4t 795 1 89.3 | 5070 | 1k 500 | ok.b [ £3.3| 236.0 | 3,933 148,833 4.525xlg_n & ;W IS
(iv) Column 6 Tists s.Y/2 which is 7000 cfs divided by column 5 1174.8 | 16.4 || 967 | 89.3 | 7030 | 200,900 [ 191.% | 56.0 | 646.0 | 10,770 211,670 | 2.235x1 < Q ﬁ
- XK
(v) Column 8 lists the slope of channel bottom s 15.3] 615 | 85.7 | 3455 | 98,700 | 15.k [2B.9| 15.0k 2511 98,951 l‘oggxlo_ig GQQ va
ho kil 69k | 83.7 | k225 {120,700 || L47.4 | 35.2 85.90] 1,432 122,132 6.690x10_ll <\ 8 Q\e
No control sections exist for a discharge of 7000 cfs for all bottom slopes, 1175.8 | 15.4 [ 775 | 83.7 | 5060 | 14k, 600 | 85.% |41.6] 204.8 3,113 | 148,013 u.%oﬂo_n
Sg, are less than critical slope, sp,. Thus, flow is subcritical and computa- 16.4 [ 852 | 83.7 | 5950 | 170,000 || 129.4 | k7.9 374.0 6,233 | 176,233 3,220;;10_11
tions will be carried in an upstream direction, 17.% [ 931 | 85.7 | 6890 { 196,900 | 179.4 { 5k.3 1 591.5 9,858} 206,758 | 2.350x10
—
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NON-UNIFORM FLOW IN A NATURAL CHANNEL — Example 4.
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HYDRAULICS: NON-UNIFORM FLOW IN A NATURAL CHANNEL — Example 4

1L

A3

FIGURE &

2
9

Q
2

PROCEDURE FOR GRAPHICAL DETERMINATION
OF
APPROXIMATE DEPTH OF FLOW AT STA.0+00

o designotes points plotted from table 4
~——designates U7 curves

~— — —designates U} curves
water surface profile when depth of
flow at sto. 17+ 90 =14.0 feet

__water surface profile when depth of
flow at sta. 17 + 90 = 18.0 feet

IN FEET

{SLOPE SCALE

]

ELEVATIONS

/

ot bd e dyiedyly

o
o

TABLE 4
1 2 [y 5 K
Station d So 50(,?2 —ﬁl)g -
and £1, z 2 u
Elevation Q n,d Q n,d;
17+90 9.6 3.485x10710
10.6 2.045x1071° 3
1170.2 | 11.6 1.250x1071° 1
12.6 8.210x10712 1
13.6 5.530x107 0
1%.6 3.920x10°11 o]
15.6 2.806x10711 0
16.6 2.085x10712 0
17.6 1.55%x10711
13430 9.4 3.475x3071° |'5.141x1078 1.399x1076
10.4 2.080x10710 | 3.077x107® 1.103x107¢
1171.6 | 11.4 1.296x1071° [ 1,917x107® 0.8677x107¢
12.h 8.620x10711 | 1.275x107° 0.7248x10™¢
13.k 5.750x107*1 | 0.8506x1076 0.5964x1078
1.k 4. 085x10711 | 0.6043x107C 0.5007x107¢
13.4 2.9%2x107*1 | 0,4337x107C 0.4112x1078
16.4 2.185x107%1 10,3232x107° 0.3448x107®
17.4 1.644x10711 | 0.2432x1078 0.2908x107
S+10 10 2.453x10720 | 3,313x107° 1.357x10°8
. 11. 1.475x1072° | 1.992x10- 0.9827x2107%
1173.6 | 12. 9.220x10713 | 1,245x1078 0.7296x1078
13 6.100x10711 | 0.8239x1078 0.5911x107°
1k 4.3k0x10712 | 0,5592x107¢ 0.4768x1078
15 2.950x107** | 0.3985x10°¢ 0.3925x107®
16 2.118x107!! | 0.2861x107® 0.3259x107°
4450 12 1.062x1071° | 1,571x1078 0.8389x107®
13 6.860x107%1 | 1,015x10°¢ 0.7102x107®
1174%.8 | 1k, k.525%x10711 | 0.6694x107C 0.5946x1076
15 3.160x10711 | 0.4675x107° 0.4995x1078
16. 2.235x207%1 | 0.3306x1078 0.4164x307®
0+00 13 1.022x10710 | 1.479x107¢ 1.0390x10°8
14, 6.690x10°11 | 0.9682x107® 0.8538x107®
1175.8 | 15. %.560x10721 | 0.6599x107° 0.7001x107¢
16. 3.220x10711 | 0.4660x1078 0.5720x107®
17 2.350x107% | 0.3401x107C 0.4699x10°¢
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A.22

HYDRAULICS: NON-UNIFORM FLOW IN A NATURAL CHANNEL FOR VARIOUS DISCHARGES

Example 5

EXAMPLE 5 . : FIGURE B
This example deals with the same natural channel as given in Ex. 4 Solution: Equation A.18 is used for this solution. (See Ex. 4) i15 T
merely to eliminate repetition of an additional set of similar data. 1. Prepare tabular form given by Table 1, Ex. " H T R
Example 5 is distinctly different from Ex. 4 and the problems are in no 2. Prepare Figs. 2 and 3 of Ex. I T H T 1 4
way related. The approximate depth of flow was determined at Sta 0400 3. Solve which sections are control sections for discharges of - 11T ‘; } ,.__::; i‘ ::;7
in Ex. 4. In Ex. 5 the depths at Sta 17+90 have been determined and 6000, 7000, 8000, and 9000 ¢fs. This procedure is de- a 141t ERnssnbabs .
water-surface profiles are to be determined for various discharges. scribed by Ex. b and the results are given in Table A. e THTHTETHT ’/ T
. R No control sections exist for all discharges considered T I 1] ,_;JZ_ IR
Given: Chennel cross sections and stationing of a naturil cﬁnnel since all bottom slopes s, are less than critical slope s. z LTI T 1 AT Tt
along with roughness coefficient n as shown by Fig. 1 of Ex. 4. e _ . AT i
dikes are sufficiently high to contain flows of 9000 c¢fs. The depths b Soé;':cfé;g‘e’:ter surface profiles corresponding to the given z i3 1 g §
of flow at Sta 17490 have been determined for various discharges. .. Prepart; tabular form given by Table &, Ex. k. & H- T HT TR T
- b= LHI2 T
Determine: The water-surface pro- Discharge GIVZI; ﬁfhﬁfggmw b. It may be desirsble to prepare Figs. 6 aﬁd T of Ex. b, L HHTHT s f LHH
" files for discharges 6000, 7000, cfs o c. Prepare Fig. A similar to Fig. 8 of Ex. k. ahauilannd adal i, ] HTHILL
8000, and 9000 cfs and the dis- o i (1) Plot Ui vs elevation curves. 1o Y T AT
charge vs depth curve at Sta 7000 15.2 (11) Plot UF ve elevation curves. 5000 6000 7000 8000 9000
0+00. 8000 16.1 (1ii) Column 2 of Table A gives the slopes of straight Qin ofs
9000 17.5 lines connecting the curves U] and U, for the
various discharges. This procedure is ex- RATING CURVE AT STA. 0+00
FIGURE A plained in Ex. %, item ke, (iii)
PROCEDURE Ai%R GRAPH'CALPSE;ERM'NAT'ON (iv) Make graphical solution for water surface pro-
H93 - g;oz s*r: ,.,szZA% STAOOI}:CE)S files corresponding to the given discharges.
' ) and depths of flow at Sta 17+90. This proce-
O designates points plotted from table 4 dure has been described in Ex. L,
i —~— . Z
192 — - /desfgnmes U‘+ curves The graphical solution for the discharges @ = 6000 and 8000 cfs are
— “designates U7 curves shown. The discharge-depth curve at Sta 0+00 is given by Fig. B.
- water surface profile Q=6000 cfs
sl — — ~ — water surface profite Q=8000 cfs
- [ GIVEN DATA AT STA. 17+90 TABLE A
Q-cfs | Depth Tan 6 1 2 3 k 5 6 7 8 9
12.0X10%5 6000 1.1 5.597x10° 2 ) Qn.d
2.0xi1077, %0 7000 | 15.2 | 7.618x10° Q %é Station| do #: s/? se So | Remarks
A w 8000 16.1 9.950x10 S¢
Eln . [ocoo [ 17.5 | 12.593x10 6000| 5.597x10% | w00 | 11.92%| 69,000 |0.08696 | 0.007562
10.0x1054 * < 00222 | 5, > 8¢
3~ 4450 | 10.90 67,000 {0.08955 | 0.008019 00281 | 50 = 59
3 . C
= 9+10 | 10.65 72,000 {0.08333 | 0.0069uk OOET8 ] 5c = 5g
= 2 o™ c
. 8.0X1053 13+30 | 10.k0 69,700 |0.08608 | 0.007410 0030k | 5, > 5,
o 3 17490 | 10.52 68,800 | 0.08721 | 0.007606
w 3 7000| 7.618x10° 0+00 | 12.55% 81,000 |0.086k2 | 0.007468 00222 | s s
4 . > So
3 6.0X10°] 4450 | 11.50%| 78,100 |0.08963 | 0.00803k 00061 sc g
3 . o
e 3 9+10 | 11.14 | 81,500 |0.08589 | 0.007377 e
w 3 LO0LT 8c > Sp
§ 4.0X105 13+30 | 10.95 | 79,600 |0.0879% | 0.007733 L0030 | 50 5 5
o 3 17+90 | 11.05 78,500 |0.08917 | ©0.007951
4 =2 5 R
1o 7 8000 9.950x10 0+00 13.1o¢ 92,000 |0.08696 | 0.007562 00222 | 54 5 5
2.0x10%3 = nes| 4+50 | 12.057| 90,000 |0.08889 | 0.00790L [~ orrr S = %
j« : : 9+10 | 11.60 91,000 |0.08791 | 0.007728 o8 | s S
B . >
14 NI LT=SN10:6000 ¢ : 13+30 | 1144 | 88,900 {0.08999 | 0.008098 S P
3 : i Starting#Nd=ra.1 1. .2 1 <0030k | 50 > so
0.0 4 184 TS Point 2 ™ . , D 17490 | 11,55 | 88,200 |0.09070 | 0.008226
w - Tad ?l"' U SO I i eference point for slope
S = iZseaat sforence e : 8 9000 | 12.59x10% 0+00 | 13.60 | 103,000 {0.08738 | 0.007635 | o000 s s
T DRSS RE s . °
I3 : T 4450 | 12.56 | 101,000 |0.08911 | 0.007941 0061 sc = -
At M c > R0
: - 9+10 | 12,02 | 101,000 |0.08911 | 0.0079%1 00k 76
" - . Se > Sg
T - T 13+30 | 11.92 98,000 10.09184 | 0.008435 0030k | & S
- joae R Al I, T . >
1182 e N e e ol SRR 17490 | 12.05 98,750 10.0911k4 | 0.008306 N ©
0 1.0X107® 2.0xi0°6 4.0x107® 5.0X10"® - ]
- + These values were obtained by extrapolation from Figure k4.
VALUES FOR UjOR U}
REFERENCE U. S. DEPARTMENT OF AGRICULTURE STANDARD DWG.NO.
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HYDRAULICS: NON-UNIFORM FLOW IN A NON-PRISMATIGC CHANNEL WITH LEVEL AND ADVERSE

Example 6.

BOTTOM SLOPES

EXAMPLE 6

Given: A trapezoidal esrth spillway 190 £t long from the reservoir to the control section.

Stationing is im a downstream direction and Ste 0+00 is located at the reservoir. The bottom
of the spillway at Sta 0+00 is 95 ft wide and converges uniformly to a width of 75 ft at Sta
1+00. The bottom width of 75 ft ig censtant from Sta 1+00 to Sta 1+90. The bottom slope

of the spillway between Sta 0+00 and Sta 1+00 is adverse and is -3% between Sta 0+00 and Sta
0+80 and -20% between Sta 0+80 and Sta 1+00. The bottom of the spillway is level between Sta
1400 and Sta 1+90. Manning's coefficient of roughness n is estimated to be 0.035.

Determine: A. The water-surface profiles for discharges of 600, 800, 1000, 1200, 1500, and
1800 cfs in this spillway.

B. Curve showing discharge vs elevation of water surface in the reservoir.
C. Friction loss in spillwey between Sta 0+00 and Sta 1+90 for Q@ = 1500 cfs.

Solution: Equation A.18 is used for this solution.

By —Ep &

8, 1 Sy 24
L (- | | m e (2 - ta)g &
B2 Qn)de &1 Qnydl

Stations 0400, 0+50, 0+80, 0+90, 1400, 1450, 1+70, 1+80, and 1490 have been arbitrarily se-
lected as those stations at which depths of flow are to be determined.

A.l. Prepare tabular form given by Table 1.

{(a) Column 1 lists the selected stetions at which depths of flow are to be deter-
mined and the elevations of the channel bottom at these stations.

(b) Column 2 is an arbitrary selection of flow depths for an estimated range of
depth of flow.

(e¢) Column 3 1ists the bottom widths of the channel at the selected stations in
column 1.

(@) Column % lists the cross-sectional areas for the depths in column 2.

(e) Column 5 lists the wetted perimeters for the depths in colum 2.

(£} Column 6 is read from ES-76.

(g) Column 7 is the square of the reciprocal of column 4. This can be read from

the double scale of ES-77.

(n) Column 8 is read from ES-77.

(1) Column 9 lists the product of Column 8 and (p — i,)g where ({p — ¢;) is the
length of reach downstream from the station under comsideration. The station
under consideration is section 1 as is indicated by the subscript dl of Qn, a,
in this column heading.

(j) Column 10 lists the product of column 8 and (¢, — ¢,)g where (1 — ¢;) is the
length of reach upstream from the station under consideration. The station
under consideration is section 2 as is indicated by the subscript d, of Qn,dz‘
in this column heading.

(k) Column 11 lists values of U; when the section under consideration is the up-
stream section or section 1. Column 11 lists column 7 minus column §. (See
Eq. A.20)

{1) Column 12 lists values of U; when the section under consideration is the down-
stream section of the reach or section 2. Column 12 lists column 7 plus col-
umn 10. (See Eq. A.19)

{(m) _Columm 13 1lists the elevations of the water surfaces corresponding to the depths
of column 2 or the depths of column 2 added to the bottom elevations of column
1.

2. Prepare Figs. 1 and 2 by plotting column 2 vs columns 11 and 12 respectively on log-log
paper.

3. Solve for the values or @2/2g as shown by Table 2 for the discharges under consideration.

L. Solve for water-surface profiles corresponding to the given discharges.
{a) Prepare Figs. 3a and %b.
(i) Plot U; vs elevation curves for various values of 4 shown in Fig. 1.

(i1) Plot U; vs elevation curves for various values of 4 shown in Fig. 2.

(1i1) Column 2 of Teble 2 gives the slopes of straight lines commecting the U
and Uz curves for the various discharges. This procedure is explained
in EX. 4, item he, (iii).

{iv) Make graphical solution for water-surfare profiles corresponding to the
given discharges at Sta 0+00. This procedure has been described in Ex.
4, item ke, (iv).

The graphical solutions for discharges 800 and 1500 have been shown on Figs. 3a and 3b
respectively. Twq figures, 3a and 3b, are drawn instead of a single figure because
of the desirability of a scale adjustment. The water-surface profiles for the various
discharges are given by Fig. 4, The rapid drop in elevation in water-surface profilss
Yetwren Sta 0+80 and Sta 1+00 is the result of a change from potential head to kinetic
head.

Observe that the depth of flow a} Sta 1+00 for a discharge Q = 1500 ¢fs is 3.37 ft. Ex-
ample 2 for this same channel and discharge shows a depth of flow of 3.347 £t at a

section 90 ft upstream from the break in grade. The principal cause for the difference

in the answers for the depth at the section 90 ft upstream from the control section by
the two methods is the number of sections used upstream from the control section in
computing this depth of flow. The result @ = 3.347 ft, obteined in Ex. 2, is by far
ccurate because eleven intermediate sections were used in computing this

je in Bx. 6 only three intermediave sections were used in ¢omputing the depth

- — . -

B.1. The depths of flow at Sta 0400 for various discharges are given by Table 2. These
values were read from Figs. 3e and 3b. The water-surface elevation in the reser-
voir is greater than the water-surface elevation gt Sta 0+00 by the quantity
v02/2g where v, is the velocity in ft/sec at Sta 0+00. The curve showing discharge

vs elevation of water surface in the reservoir is shown by Fig. 5.

C.1. The friction loss between Sta 0+00 and Sta 1+90 is the difference in elevation of the
energy gradient. The elevation of the energy gradient at Sta 0400 is 103.831 ft
when Q@ = 1500 cfs. See Table 2. The elevation of the energy gradient at Sta 1+90
is 10%.284 ft. See Ex. 2. The friction loss is 103.831 — 103.28% = 0.547 ft.

The trapezolds)l shape of this spillway does not exist for the full depth of flow in the reach
near the entrance of the spillway. By neglecting the effect of this condition, as is done in the
example, the water-surface elevation in the reservoir required to produce a given discharge through

the spillway is slightly greater than the elevation required had this effect been evaluated.

Woter surface in reservoir

90—

5

4

105
106

sSta.l+ 00

X - 4 <
R ez AN TN
&
o;g\ o :I’ ',‘ [ ’/ f] g 58 Hyi ,l !
HE 5|11 S Pt I Cd !
y HE b3 i g |
WW éﬁ \ 3\1 111" /l I/ // o L L Lol
< . . : =
/ 80 feet 20 feet 90 feet
;|9
3|3 iQ 5l ;|0
< 5% E35 2 52
= 8
PROFILE ALONG CENTER LINE
100,
1
i 2 b} 6 7 8 12 13
=l Station
and 4 b 1 So +
Elev.: 100 feet Bottom | ft | ft F a2 Q2 U2 K
IBlevation n,d
b=75 feet
1490 1.25 [ 75.0 164.1 [103.500x107¢ | k.570x1072 -8
SECTION A—a 2.25 | 75.0 | 183.9% 450.5 | 25.600x10° | 6.330x10~° l%f'é%ﬁg-s 133222
100.00 | 3.00 | 75.0 | 252.00 722.G | 15.760x107°® | 2.345x107° 16.514x107®  |103.00
£.50 | 75.0 | 398.25 1453.0 | 6.%05x107% | 5.820x1071° 6.492x107%  }104.50
1480 1.25 | 75.0 164.1 1103.500x107% | 4.570x107% |1k .6971x107C 88.805x107° |118.197x10™® |101.2
2.25 | 75.0 440.5 | 29.600x107% { 6.330x10"° 27.56kx107% | =33 :sggxlo'e 1gé 222
100.00 | 3.00 | 75.0 | 252.00 722.0 | 15.760x107¢ | 2.345x107° 15.006x10°°% | 16.514x10™° |103.00
L.50 1 75.0 | 398.25 1453.0 | 6.305x107° | 5.820x1071° 6.118x107° 6.492x107% | 10%.50
. R 1470 1.25 1 75.0 164.1 1203.500x107° | 4.570x1078  {14.6971x107C 88.803x107® [132.804x10™® [101.2
DABLE 2 100.00 2.(2)2 75.g 183.94 440.5 29.620:{10'2 6. 520:(10‘; 27.562:{10“‘ 23.6?{2;38‘6 182.22
- e . . .0 252.00 2.0 | 15. ~ . - -6 -
o e Water-Surface vo? Water-Surrace 2‘50 ;5-\0 528.25 1@5 0 2 ;og;:llg-e g gggﬁg-lo lzloogﬂo—e 17"268)(10—2 105.00
ss|l 25 = ten @| Elevation at 35~ | Eievation in . - . . . -115:a0 6.679:10 10450
cx Sta 0400 the Reservoir 1450 1.25 1 75.0 981 16k.1 1103.500x107 | &.570x107%  j29.39k2x107® Th.106x107° |176.986x10® [101.25
S 2.25 | 75.0 | 183.9 k0.5 | 29.600x107C | 6.330x107° 25.528x107° . -5 li02.2
600 || 0.0560x10 102.330 0.005000 102.335 100.00 | 3.00 | 75.0 | 252.00 722.0 | 15.760x107% | 2.345x107° 1k .250x1078 ig ;giﬁg's 105.03
800 || 0.0995x10° 102.710 0.008012 102.718 .50 1 75. 398.25 1453.0 | 6.305x107° | 5.820x107° 5.931x107° 725131078 | 10.50
1000 || 0.156x10° 10%.055 0.01143 103.066 . 1400 1.25 [ 75.0 1641 103.500x10:: l+570x1<>:5 73.4856x107° 30.014x107% 1118.197x107® |101.25
1200 || 0.22bx10° 103,403 0.01505 103.418 i 2.25 1 75.0 | 183.94 0.5 | 29.600x10 6.330x10™°  [{10.1786x107° 19.421x107% | 31.636x107® |102.25
o | 100.00 3.00 175.0 | 252.00 722.0 | 15.760x107% | 2.345x107° 3 11.989x107° | 16.514x107° | 103.00
1500 || 0.750x10 103.810 0.02126 103.831 i %.50 | 75.0 | 398.25 1453.0 | 6.305x107° | 5.820x107%° | o 5.369x10° 6.492x10® | 104.50
S N
2G| 0.504x10 104.230 0.02769 104.258 | oss0 3.00 | 77.0 | 258.00 7450.0 | 15.023x107¢ | 2.235x107% | 0 1%.%04x1076 | 15.742x107® |101.00
450 [ 77.0 | k0T7.25 1480.0 6.029x107 | 5.620x107%° | ¢ 5.848x107¢ 6.210x107% {102.50
98.00 6.50 | 77.0 | 627.25 2825.0 | 2.542x107® | 1.536x107%° | 0 2.493x107° 2.591x107¢ | 104.50
0+80 4.00 | 79.0 | 364.00 1245.0 | 7.547x107% | 7.895x1071° | o 7.293x107° 8.309x107° | 100.00
6.50 1 79.0 | 640.25 2908.0 2.4h0x107 | 1.4k7x1071° | o 2.533:;10'3 2.?8(9));10‘5 102.50
96.00 8.50 | 79.0 | 888.25 | ¥675.0 | 1 .267x107® | 5.590x107%* 1.249x107° 1.321x107° | 30%.50
0+50 6.00 185.0 | 618.00 2690.0 2.618x107% | 1.693x107%° 2.455x107° 2.890x10™® | 101.10
8.50 | 85.0 | 939.25 4985.0 1.134x107% | k.925x10712 1.087x167¢ 1.213x107% | 103.60
FIGURE 5 95.10 | 11.00 | 85.0 [1298.00 7980.0 | 0.5935x107% | 1.940x10721 0.5748x107%|  0.6247x107° | 106.10
105.0 0+00 6.00 | 95.0 | 678.00 2980.0 | 2.175x107° | 1.380x1072° 1.953x107° 99.60
8.50 | 95.0 |102%.25 5520.0 0.9532x1078 | %.005x1072% 0.8888x107° 102.10
93.60 11.00 | 95.0 |1408.00 8730.0 0.5044x107% | 1.609x107 1% 0.4785x3107€ 10k .60
’ 4.5 = T T
3 0 £ i Sy FIGURE &
|: 104.0 n.1090=2t53"' H : X I i '?‘ . 1 : livl A Be
g 104.0 ot e
2 s 10 e = R
el iN i T e STEnaTmam: e
o (>) i T | il i T =
3 S L = ieasesaarey: e : .
:mlos.o 2 s i ! s st R =
w 2 s;depth at 13 T
gm ] QS 103.0 FHHHH Hr earaness:
3z g Vi : Sl e
. 5 g s : g
x ] Srsiass. : e Eob
w T T T eess
Z 102.0 w s o e e
g 3 ; e i e
¢ 102.0 HE = Her : e = =
101.0 [ i i i
0.0 500 1,000 1,500 2,000 : : T T
{ QN cfs frHHHE : ; : g
I (01,0 Bt Saens i sraeen, it SR
0+00 0450 1400 1+50
STATIONS

REFERENCE

U. S. DEPARTMENT OF AGRICULTURE
SOIL CONSERVATION SERVICE

ENGINEERING DIVISION- DESIGN SECTION

STANDARD DWG. NO.

ES—-83
SHEET 8 OF 10
DATE 8-6-54

1490
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HYDRAULICS: NON-UNIFORM FLOW IN A NON-PRISMATIC CHANNEL WITH LEVEL AND ADVERSE BOTTOM SLOPES
Example 6.
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DEPTH OF FLOW d,IN FEET
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HYDRAULICS: NON-UNIFORM FLOW IN A NON-PRISMATIC CHANNEL WITH LEVEL AND ADVERSE
BOTTOM SLOPES —— Example ©.
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HYDRAULICS: UNIFORM DEPTHS AND DISCHARGES IN TRAPEZOIDAL AND RECTANGULAR CHANNELS
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HYDRAULICS: UNIFORM DEPTHS AND DISCHARGES IN TRAPEZOIDAL AND RECTANGULAR CHANNELS
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A3l

. . T =5 to 520
HYDRAULICS: SOLUTION OF GENERAL EQUATION FOR CRITICAL FLOW a=3 10 66
Q.=13 to 630
Note that area values are repeated to insure solution on chart within stated range.
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A.Dc

HYDRAULICS: SOLUTION OF GENERAL EQUATION FOR CRITICAL FLOW

T =5 to 2400
a= 39 to 520
Q= 6! to 6300

Note that area values are repected to insure solution on chart within stated ranges.
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e )

23.4 to 2400
305 to 11,200

21340 to 139,000

T
a

HYDRAULICS: SOLUTION OF GENERAL EQUATION FOR CRITICAL FLOW

Note that area values are repeated to insure solution on chart within stated range.
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9. Model Investigations

9.1 Purposes. The main purposes for which model studies of hydrau-
liec structures are made may be listed as follows:

(a) To obtain basic knowledge of some phase of hydraulics.
(b) To establish design criteria for types of structures or
parts of structures subject to standardizaticn.

(c) To determine the proper dimensions and operating charac-
teristiecs of individual structures.

This subsection 1s primarily concerned with the last of these purposes.

9.2 Types of Structures For Which Model Studies May Be Required.
It is not possible to state categorically the types of structures and re-
lated conditions that will require model tests as a basis for design. A
glven type of structure operating under special conditions and meeting
exacting requirements may, for adequate design, demand a thorough model
study; whereas the same type of structure under standard conditions and
meeting no particularly restrictive requirements would not need & model
study. Mainly, the decision rests on whether the factors necessary for
sound design and dependable operation can be determined with sufficient
reliability by recognized methods of analysis. Other factors, summarized
below, will also require consideration.

It is recommended that model studies be considered in the following
cases:

(a) Spillways which, because of site conditions: (1) are unsymmet-
rical in plan; (2) have poor approach channel alignment; (3) have poor
entrance conditions; (4) will have to meet some type of exacting require-
ment not readily subject to analysis.

(b) Channel curves and confluences and reaches of channels in which
the cross section is either expanding or contracting, where the discharges
involved are in the supercritical range.

(e¢) stilling basin structures operating under unusual conditions or
exacting requirements that have not been satisfactorily represented by
experience or model tests on the same or similar type structure.

9.3 EKlements to be Considered in Determining Whether a Model In-
vestigation should be Undertaken. In addition to the type of structure,
other elements of the situation should be considered in determining whether
a model study should be undertaken. Briefly, the most{ significant elements

are:;

(a) Cost of the structure and the possibility of making a saving in
total cost through a thorough analysis and design. Model studies will, in
many cases, provide an understanding of the hydraulic functioning of a
structure that cannot be cobtained by analysis, and this -knowledge may make
important, over-all savings in cost possible.
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(b) The degree of hazard involved. The tvnee and amounts of loss
that might result from failure of the structure should be examined, at
least in qualitative terms. The degree to which faulty or improper oper-
ation of the structure may reduce its gbility to meet the objectives for
which it is constructed should also be considered.

(¢) The need for establishing and maintaining public confidence in
the Service. It is important that the Service build for itselif a repu-
tation for competence in the field of conservation engineering.

9.4 Field Data for Model Studies. S8ince model studies are made to
determine how a structure will function in prototype, they should be
supported by essentially the same types and amounts of field data as
would be required for a sound design job by the usual methods. In a giv-
en case the project design engineer would complete all necessary field
surveys and office analyses to fully establish the basic requirements to
be met by the structure. A tentative design would then be made by the
design engineer and/or the hydraulic engineer at the laboratory where the
model tests are to be made. The following survey data should be supplied
in support of this and succeeding phases of the investigation:

(a) Profiles, topographic maps, cross sections, and soils data in
the vicinity of the structure site.

(b) The maximum discharge to be carried by the structure and such
information as is pertinent to determining the proper operation at dis-
charges less than the maximum.

(c) A table or curve giving tailwater elevation in relation to dis-
charge when the structure is a type whose operating characteristics are
affected by tailwater conditions.





